In this paper we experimentally studied GMI effect and soft magnetic behavior of Co-rich microwires. Correlation between magnetoelastic anisotropy and magnetic field dependences of diagonal and off-diagonal impedance components are observed. Low field GMI hysteresis, explained in terms of magnetoelastic anisotropy of microwires, has been suppressed by the bias current.
INTRODUCTION
Magnetically soft glass coated microwires (typically of 5-30 μm in diameter) exhibit a number of outstanding magnetic properties such as magnetic bistability and giant magneto-impedance, GMI, effect [1, 2] . Recent studies allowed improvement of magnetically soft properties and GMI effect of glass coated microwires [2, 3] . It must be mentioned, that recently fabrication of extra-thin glasscoated microwires with metallic nucleus diameter as low as 100 nm is recently reported, although GMI effect is studied in samples with diameters above 3 μm [2, 4] .
Giant magneto-impedance effect (GMI), consisting of large sensitivity of the impedance of magnetically soft conductor on applied magnetic field, attracted great attention in the field of applied magnetism [2] [3] [4] [5] [6] [7] especially because of excellent magnetic field sensitivity suitable for low magnetic field detection. Such GMI effect is especially high in ferromagnetic magnetically soft wires (especially of amorphous and nanocrystalline origin) [2, 6, 7] . It is worth mentioning, that the cylindrical shape is quite suitable for achieving of high GMI effect [2, 6, 7] . General tendency on miniaturization of magnetic sensors requires development of thin soft magnetic materials, like thin wires and thin films. Owing to its thin dimensions and outstanding magnetic properties such as magnetic bistability and GMI effect, glasscoated microwires gained special interest in the field of applied magnetism for designing of the sensors based on GMI effect [2, 8] . Recently, excellent soft magnetic properties and GMI effect of glass coated microwires attracted great attention [3, 5] , giving rise to development of industrial applications for low magnetic field detection [9, 10] . Most recent applications derive from the GMI effect in the MHz frequency range observed in non-magnetostrictive microwires. Co-based microwires are currently employed by Aichi Steels in Japan integrated in CMOS circuit as kind of magnetic compass for a number of uses in mobile systems [9] . A magnetic sensor making use of that effect developed by K. Mohri and T. Uchiyama is characterized by quite elevated sensitivity of 1 pT [10] .
In most of applications a high linearity of MI dependence and low hysteresis are desirable [2, 10] . Anti-symmetrical MI curve with linear region and low noise features have been obtained in current pulsed excitation scheme of wires using detection of off-diagonal GMI component [2, 10, 11] . At the same time we have recently showed, that linearity and shape of off-diagonal component in microwires can be tailored by thermal treatment [2, 13, 14] . Considerable GMI hysteresis has been observed and analyzed in microwires possessing helical anisotropy [10] , although enhanced magnetic field sensitivity of the GMI effect in amorphous wires is related to specific outer domain structure in the surface area [13] [14] [15] [16] [17] .
In this paper we studied the GMI effect (GMI ratio, Z/Z, diagonal Z zz and off-diagonal impedance tensor Z z components) and hysteretic magnetic properties in ultra-thin amorphous glass-coated microwires with vanishing magnetostriction constant.
EXPERIMENTAL DETAILS
We have measured dependences of the diagonal Z zz and off-diagonal Z z impedance components on external axial magnetic field H in Co-rich microwires, as described elsewhere [2, [13] [14] [15] [16] at x 0.2 [2] . Therefore, producing microwires we selected the Fe and Co content for obtaining vanishing magnetostriction constant in order to achieve better soft magnetic properties.
The microwires were placed in a specially designed microstrip cell. One wire end was connected to the inner conductor of a coaxial line through a matched microstrip line while the other was connected to the ground plane The components Z zz and Z z were measured simultaneously using vector network analyzer. The diagonal impedance of the sample Zw = Zzzl, where l is the wire length, was obtained from reflection coefficient S 11 and the off-diagonal impedance Z z was measured as transmission coefficient S 21 as a voltage induced in a 2-mm long pick-up coil wounded over the wire. The static bias field H B was created by the dc current I B applied to sample through the bias-tee element. The frequency range for the off-diagonal component Z z was 10 -300 MHz, while diagonal impedance component has been measured till 7 GHz. The sample holder was placed inside a sufficiently long solenoid that creates a homogeneous magnetic field, H. More details on experimental technique can be found in refs. [2, 11] .
For practical sensor it is essential to have the antisymmetrical dependence on magnetic field, so pulsed GMI effect allowing detection of the off-diagonal MI components could be more suitable [5, 10, 12] . The other reason is that in the sensor application, pulse excitation is preferred over sinusoidal because of simple electronic design and low power consumption, therefore we also used pulsed excitation scheme, as described elsewhere [5, 10, 12] .
Hysteresis loops have been measured by the induction method, as described elsewhere [2, 13] .
RESULTS AND DISCUSSION
Magnetic field, H, dependence of real part, Z 1 of the longitudinal wire impedance Z zz (Z zz = Z 1 +iZ 2 ), measured till 4 GHz in Co 66 Cr 3.5 Fe 3.5 B 16 Si 11 microwire is shown in Fig. (1) . The general features of these dependences are that the magnetic field of maximum shifts to the higher field region with increasing the f. On the other hand, we observed GMI effect (change of impedance under application of magnetic field) even at GHz-range frequencies.
Off-diagonal and low field diagonal components of GMI, measured in Co 67 Fe 3.85 Ni 1.45 B 11.5 Si 14.5 Mo 1.7 microwire are shown in Fig. (2) . Important feature of Fig. (2) is a considerable hysteresis for both off-diagonal and longitudinal impedance.
It is worth mentioning, that in pulsed exciting scheme when the sharp pulses with pulse edge time about 5 ns are produced by passing square wave multi-vibrator pulses through the differentiating circuit, overall pulsed current contains a DC component that produces bias circular magnetic field [3, 5, 11, 15, 16] . In this way low field hysteresis can be surpassed selecting adequate pulse amplitude.
On the other hand, pulsed wire excitation is quite suitable for the electronic circuits for designing the sensors. Such scheme using pulsed excitation of magnetically soft wires with GMI effect (pulsed GMI effect) generating antisymmetric output in the pick-up coil surrounding wire and originating from off-diagonal MI component has been recently proposed [12] .
It is worth mentioning, that the preparation of glasscoated microwires involving simultaneous solidification of composite microwire consisting of ferromagnetic metallic nucleus inside the glass coating introduces considerable residual stresses inside the ferromagnetic metallic nucleus [2] . The strength of internal stresses is determined by thickness of glass coating and metallic nucleus diameter, i.e. by the ratio ( =d/D). Fig. (3) shows field dependence of the off-diagonal voltage response, V out measured using pulsed scheme, described elsewhere [2, 12] ) microwire with different geometry: metallic nucleus diameter and total diameter with metallic nucleus diameters 6 and 7 μm and ratios 0,59 and 0,64. The offdiagonal components exhibit anti-symmetrical magnetic field dependence, suitable for determination the magnetic field direction in real sensor devices [2, 10, 12] . It should be noted from Fig. (3) that the V out (H) curves exhibit nearly linear growth within the field range from -H m to H m . The H m limits the working range of MI sensor to 240 A/m and should be associated with the anisotropy field. The effect of the ratio on V out (H) (Fig. 3) should be attributed to the effect of internal stresses on the magnetic anisotropy field. It must be underlined, that all studied samples exhibited excellent magnetically soft properties with inclined hysteresis hoops and extremely low coercivities (between 4 and 10A/m). Magnetic anisotropy field, H k , is found to be determined by the ratio, decreasing with (Fig. 4) , as also has been reported earlier [2, 13] . On the other hand, since the strength of internal stresses, i , arising during simultaneous rapid quenching of metallic nucleus surrounding by the glass coating can be controlled by the ratio, magnetic field dependences of both Z zz and Z z can be manupulated by the ratio.
Additionally, we recently found, that the nature of observed low field hysteresis on Z 1 (H) and Z z (H) is directly related with deviation of the anisotropy easy axis from transversal direction [11] . Therefore, application of circular bias magnetic field H B produced by DC current I B running through the wire affects the hysteresis and asymmetry of the MI dependence, suppressing this hysteresis when I B is high enough (see Fig. 5 , where effect of bias voltage on diagonal impedance, Z 1 , and on S 21 parameter. proportional to offdiagonal GMI component is shown). In fact in pulsed exciting scheme when the sharp pulses with pulse edge time about 5 ns are produced by passing square wave multivibrator pulses through the differentiating circuit, overall pulsed current contains a DC component that produces bias circular magnetic field [2, 11] . In this way low field hysteresis can be surpassed selecting adequate pulse amplitude. Observed H k ( ) dependence has been attributed to the magnetoelastic energy contribution given by
where s is the saturation magnetostriction and i is the internal stress. The magnetostriction constant is mostly determined by the chemical composition and achieves almost nearly-zero values in amorphous alloys based on FeCo with Co/Fe 70/5 s 0 [2, 18] . On the other hand, the estimated values of the internal stresses in these glass coated microwires arising from the difference in the thermal expansion coefficients of simultaneously solidifying metallic nucleus and glass coating are of the order of 100-1000 MPa, depending strongly on the ratio between the glass coating thickness and metallic core diameter [2, 18, 19] , increasing with decreasing ratio. Consequently, magnetoelastic anisotropy of glass-coated microwires can be controlled by the geometrical ratio through the strength of internal stresses. Application of stress during stress annealing of Fe-rich microwires resulted in induction of considerable stress induced anisotropy [20] . In this case the easy axis of magnetic anisotropy has been changed from axial to transversal [19] . Origin of such stress-induced anisotropy is related with so-called "Back stresses" originated from the composite origin of glass-coated microwires annealed under tensile stress: compressive stresses compensate axial stress component and under these conditions transversal stress components are predominant [20] .
Consequently, these stress annealed samples exhibit stress-impedance effect, i.e. impedance change ( Z/Z) under applied stress, , observed in samples with stress induced transversal anisotropy.
It should be assumed that the internal stresses relaxation after heat treatment should drastically change both the soft magnetic behavior and Z/Z(H) dependence due to stress relaxation, induced magnetic anisotropy and change of magnetostriction constant under annealing.
CONCLUSIONS
In thin amorphous wires, produced by the TaylorUlitovski technique, magnetic softness and magnetic field dependence of GMI effect (both longitudinal and offdiagonal) and GMI hysteresis are determined by the magnetoelastic anisotropy. This magnetoelastic anisotropy can be tailored by the sample geometry and adequate annealing. There are a number of interesting effects, such as induction of the transversal anisotropy in Fe-rich microwires allowing creating extremely stress sensitive elements. Studies of diagonal and off-diagonal MI tensor components of glass-coated microwires have shown the great potential of these materials for microminiaturized magnetic field sensor application. Their main advantages are high sensitive lowhysteresis field dependence. By varying the alloys composition and applying post fabrication processing it is possible to control the sensor's operating range. Low field GMI hysteresis has been observed and explained in terms of helical magnetic anisotropy of microwires.
